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Abstract 

Background Physical activity is an established protective factor for colorectal cancer (CRC), but it is unclear if genetic 

variants modify this effect. To investigate this possibility, we conducted a genome-wide gene–physical activity inter-

action analysis.

Methods Using logistic regression (1-d.f ), two-step screening and testing method (EDGE), and joint tests (3-d.f ), we 

analyzed interactions between common genetic variants across the genome and physical activity in relation to CRC 
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risk. Self-reported physical activity levels were categorized as active (≥ 8.75 MET-h/wk) vs. inactive (< 8.75 MET-h/wk; 

39,992 participants) and as study- and sex-specific quartiles of activity (42,602 participants).

Results Physical activity was inversely associated with CRC risk overall (OR [active vs. inactive] = 0.85; 95% CI = 0.81–

0.90). The two-step EDGE method identified an interaction between rs4779584, an intergenic variant near the GREM1 

and SCG5 genes, and physical activity for CRC risk (p-interaction = 2.6 ×  10−8). Stratification by genotype at this locus 

showed a significant reduction in CRC risk by 20% in active vs. inactive participants with the CC genotype (OR = 0.80; 

95% CI = 0.75–0.85), but no significant physical activity–CRC associations among CT or TT carriers. When physical 

activity was modeled as quartiles, the 1-d.f. test identified that rs56906466, an intergenic variant near the KCNG1 gene, 

modified the association between physical activity and CRC (p-interaction = 3.5 ×  10−8). Stratification at this locus 

showed that an increase in physical activity (highest vs. lowest quartile) was associated with a lower CRC risk solely 

among TT carriers (OR = 0.77; 95% CI = 0.72–0.82).

Conclusions In summary, we identified two genetic variants that modified the association between physical activity 

and CRC risk. One of them, related to GREM1 and SCG5, suggests that the bone morphogenetic protein (BMP)-related, 

inflammatory, and/or insulin signaling pathways may be involved in the protective association between physical 

activity and colorectal carcinogenesis.
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Background
Colorectal cancer (CRC) is a major global cause of mor-

bidity and mortality. It is the third most commonly diag-

nosed cancer and the second leading cause of death in 

the world, with more than 1.9 million incident cases and 

0.9 million deaths in 2022 [1]. It is predicted that there 

will be 2.2 million and 3.2 million new CRC cases by 2030 

[2] and 2040 [3], respectively, confirming CRC as a major 

continuing public health burden. �e underlying etiology 

of CRC is multifactorial, with a combination of genetic 

and environmental factors increasing the likelihood of 

developing CRC. Among these risk factors, physical 

activity, a lifestyle factor, is an established protective fac-

tor against CRC [4–7].

Multiple observational studies and several systematic 

reviews have shown that regular physical activity (occu-

pational or leisure time) is a modifiable factor associated 

with lower CRC risk [8–11]. In particular, the World 

Cancer Research Fund/American Institute for Cancer 

Research (WCRF/AICR) Continuous Update Project 

reported lower CRC risk with increased physical activ-

ity and classified the evidence linking physical activity 

to lower CRC risk as “strong” [4]. Despite the beneficial 

health effects of physical activity, more than a quarter 

of all adults globally do not engage in sufficient physical 

activity [12].

�ere is substantial understanding of the mecha-

nisms underlying the protective association of physical 

activity with CRC risk; for example, physical activity 

is known to have beneficial effects on skeletal mus-

cle mass, immune function, sleep, and mental health 

[5, 13–17]. Physical activity also reduces obesity (fat 

mass), which has a beneficial effect on CRC through a 

reduction in insulin resistance and inflammation, both 

of which have been associated with CRC development 

[5, 18, 19]. More recently, physical activity has been 

linked to improved gut microbiome diversity [20, 21]. 

Further, genetic factors may play a role in modifying 

the relationship between physical activity and CRC, as 

investigated in some gene–environment (GxE) interac-

tion studies [22–26]. However, most previous studies 

have focused on candidate gene approaches or path-

way-based frameworks, or were limited by small sample 

sizes and thus underpowered to detect genome-wide 

significant interactions [22–25]. A recent genome-wide 

interaction study by Cho et  al. [26] using UK Biobank 

data evaluated physical activity–gene interactions in 

relation to CRC risk among 2979 CRC cases and 11,435 

matched controls. However, even in this relatively 

large-scale, genome-wide analysis, no SNP, gene, or 

pathway reached statistical significance after correction 

for multiple testing, underscoring the ongoing chal-

lenges in detecting robust GxE interactions for complex 

traits.

Understanding the genetic factors that may influ-

ence the relationship between physical activity and 

CRC risk can offer novel insights into potential biologi-

cal mechanisms of colorectal carcinogenesis, as well as 

better inform efforts to promote physical activity and 

potentially identify individualized physical activity 

prescriptions. We conducted the largest genome-wide 

GxE analysis to date, aiming to identify novel genetic 

variants that may modify the protective association 

between self-reported physical activity and CRC risk 

in order to obtain insight into potential mechanisms 

behind this association.
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Methods
Study participants

�e study included individual-level genomic and epide-

miologic data from three CRC consortia: the multi-cen-

tered Colon Cancer Family Registry (CCFR), the Genetics 

and Epidemiology of Colorectal Cancer Consortium 

(GECCO), and the Colorectal Cancer Transdisciplinary 

Study (CORECT), which have been previously described 

[27–31]. Nested case–control sets were assembled from 

cohort studies. Control participants were matched on 

age, sex, and enrollment date/trial group, when applica-

ble. CRC cases were defined as invasive colon or rectal 

tumors and were confirmed via multiple sources includ-

ing electronic medical records, pathology reports, state 

or provincial cancer registries, and/or death certificates. 

For the small subset of advanced adenomas (7–8%), 

matched controls were polyp-free and were confirmed 

by sigmoidoscopy or colonoscopy at the time of adenoma 

diagnosis. Each study was approved by relevant ethics 

committees or review boards from respective institu-

tions. All participants provided written informed consent 

at recruitment.

Data harmonization

All data, including physical activity, were collected, cen-

tralized, and harmonized at the GECCO consortium 

coordinating center at the Fred Hutchinson Cancer 

Center using a standardized protocol to ensure that all 

variables were comparable across studies [31]. Briefly, 

data harmonization consisted of a multi-step procedure 

that reconciled differences in study protocols and data-

collection instruments [32]. Common data elements 

(CDEs) were defined a priori for harmonization. Study 

questionnaires and data dictionaries for each study were 

reviewed to identify study-specific data elements, which 

were then mapped to the CDEs through an iterative pro-

cess of communication with data contributors to obtain 

relevant data and coding information. �ese data ele-

ments were transformed and integrated into a single uni-

fied database with standardized definitions, coding, and 

permissible values, implemented via SAS and T-SQL. 

Resulting data were checked for quality assurance, errors, 

and outlying values within and between studies [33]. 

Outliers were truncated to the minimum or maximum 

value of the established range for each variable.

Epidemiologic and lifestyle data collection

Information on demographic, lifestyle, and environ-

mental factors as well as potential risk factors such as 

age at diagnosis or enrollment, sex, education level, 

smoking status, total energy consumption (kcal/day), 

and self-reported or measured weight and height 

were collected via in-person interviews or through 

structured self-administered questionnaires in each 

study. Total energy consumption was derived from the 

Food Frequency Questionnaires, with missing values 

imputed by study-sex-specific means. Body mass index 

(BMI) was calculated using the weight (kg) and height 

(m) of each participant.

Physical activity exposure measure

Information on physical activity was obtained from 

structured, study-specific questionnaires, such as the 

International Physical Activity Questionnaire (IPAQ) 

short form [34], European Prospective Investigation 

into Cancer and Nutrition (EPIC) physical activity 

questionnaire, and Nurses’ Health Study physical activ-

ity questionnaire, among others. �ese instruments 

were either self-administered or completed via in-per-

son interviews. Physical activity was assessed at the 

study reference time, which was defined as study entry 

(start of follow-up) in cohort studies and the period 1 

to 2 years prior to study entry for case–control studies, 

to ensure physical activity was measured prior to can-

cer diagnosis. Detailed information on physical activity 

data collection is provided in Additional file 1: Table 1. 

To harmonize physical activity across studies, we 

defined total physical activity as the sum of leisure-time 

and, when assessed, other reported activity domains 

(e.g., occupational or transportation-related), expressed 

in metabolic equivalent task hours per week (MET-h/

wk). �is harmonized measure was derived for each 

participant to reflect the approximate average time per 

week that the individual spent in leisure activities and/

or all reported activities.

Moderate activity was defined as 3.5 to 6 MET-h/

wk and vigorous activities as ≥ 6 MET-h/wk [35]. �us, 

at least 8.75 MET-h/wk approximately corresponds to 

the current physical activity guidelines of a minimum 

of 150 min (= 2.5 h) of moderate or 75 min of vigorous 

activity per week as recommended for individuals with 

cancer or for cancer prevention [36–39]. Based on these 

guidelines and previously published literature in CRC 

[40–42], the participants in the present study were cat-

egorized into two groups: active (≥ 8.75 MET-h/wk) vs. 

inactive (< 8.75 MET-h/wk; reference category). Because 

the majority of the participants were active, we also 

calculated study- and sex-specific quartiles for physi-

cal activity as a secondary variable, where the quartile 

groups were coded as 1, 2, 3, or 4, respectively. �is vari-

able was treated as continuous (change in one quartile) 

when assessing the association between physical activ-

ity and CRC, and as categorical (1st quartile as reference 

group) in the genome-wide scans.
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Genotyping, quality control, and imputation

Detailed information on genotyping, imputation, and 

quality control has been described previously [27, 29]. In 

brief, genotyped single nucleotide polymorphisms (SNPs) 

were excluded based on deviation from Hardy–Weinberg 

Equilibrium (p < 1 ×  10−4), low call rate (< 95–98%), dis-

crepancies between reported and genotypic sex, and dis-

cordant calls between duplicates. Autosomal SNPs in all 

studies were imputed to the Haplotype Reference Con-

sortium (HRC) r1.1 (2016) panel using the University of 

Michigan Imputation Server [43] and treated as dosage 

for data management and analyses using R package Bina-

ryDosage [44]. Imputed common SNPs were excluded 

if they had low imputation quality (R2 < 0.8) and pooled 

minor allele frequency (MAF) ≤ 1%. After quality control, 

a total of over > 7.2 million SNPs were used for the gene–

environment interaction analysis, noticeably with high 

redundancy due to linkage disequilibrium (LD).

Sample size

Analyses were limited to individuals of European ances-

try, based on self-reported race and clustering of prin-

cipal components (PCs) with 1000 Genomes EUR 

superpopulations [45]. Participants were excluded based 

on cryptic relatedness or duplicates (prioritizing cases 

and/or individuals genotyped on the better platform), 

genotyping/imputation errors, and extreme outlier values 

for physical activity. We also excluded studies that did 

not collect physical activity data, had high proportions 

of missing values for physical activity, used case-only 

designs, or exhibited implausibly wide distributions of 

physical activity that could not be harmonized with other 

studies. After these exclusions, the final pooled sample 

size for the study- and sex-specific quartile physical activ-

ity variable was 42,602 participants from 31 studies (71% 

prospective cohort studies). For the dichotomous active 

vs. inactive physical activity variable, with 8.75 MET-h/

wk as the cutoff value, the final pooled sample size was 

39,992 participants from 27 studies (74% prospective 

cohort studies; Additional file 1: Table 1).

Statistical analyses

To evaluate the main effects of physical activity on CRC 

risk, logistic regression models were conducted for each 

study, with adjustment for age at diagnosis or enroll-

ment, sex, and total energy consumption (when availa-

ble). Models with genetic variables were further adjusted 

for the first three PCs of genetic ancestry to account for 

potential population substructure. �e study-specific 

results were combined using random-effects meta-anal-

ysis methods (Hartung-Knapp) to obtain summary odds 

ratios (ORs) and 95% confidence intervals (CIs) [46]. �e 

heterogeneity p-values were calculated using Cochran’s Q 

statistics [47], while funnel plots identified studies with 

outlying ORs for potential exclusion and sensitivity anal-

yses. Additional models were fitted, stratified by study 

design (case–control vs. cohort), sex, and tumor site 

(proximal colon, distal colon, rectal). All meta-analyses 

were performed using the R package Meta [48].

Genome-wide interaction scans of common markers 

were conducted in the overall study population to max-

imize power. For the purposes of this study, E indicates 

physical activity, G indicates a particular SNP, D indicates 

CRC disease status, and C refers to a set of adjustment 

covariables. We utilized not only the traditional logistic 

regression test of GxE (1-degree of freedom test; 1-d.f.), 

but also the more powerful joint 3-d.f. test [49, 50] and 

two-step screening and testing method (EDGE) method 

[51–53]. �e R package GxEScanR [54] was used to per-

form these analyses.

For the 1-d.f. test, we examined multiplicative 

interactions by fitting a traditional logistic regres-

sion model including an interaction term in the form: 

logit(Pr(D = 1|G)) = β0 + βGG + βEE + βGxEGxE + βCC , where 

H0 : βGxE = 0 tests potential departures from multipli-

cative associations of E and G on D.

We also performed a joint test of association, which 

can improve power to detect disease susceptibility loci 

in a wider range of circumstances by accounting for GxE 

interactions, e.g., in circumstances where susceptibility 

loci affect only individuals with certain environmental 

exposure profiles [50, 55]. For this we used the 3-d.f. test 

of the joint null hypothesis H0 = βG = βGxE = γG = 0 , 

where βG and βGxE are the main and interaction effects 

from the logistic model above and γG represents the asso-

ciation between G and E in the combined case–control 

sample [50, 56].

We further implemented the two-step EDGE method 

that assesses GxE interaction tests (step 2) based on 

ranks of an independent filtering or ranking statistic (step 

1) [53]. �e two-step method can decrease the multiple 

testing burden and improve power to detect interaction 

loci [53, 56, 57], provided that steps 1 and 2 are inde-

pendent. �e original approach uses step 1 ranks to pri-

oritize and partition SNPs into exponentially larger bins 

of fixed sizes and increasingly more stringent step-2 sig-

nificance thresholds. However, when analyzing imputed 

SNPs, highly correlated markers from the same loci fill 

the top bins, thereby diminishing statistical power. To 

address this issue, the original weighted hypothesis-test-

ing framework [58] was modified to accommodate bins 

of varying sizes while appropriately controlling for type I 

error [52]. In particular, SNPs were partitioned into bins 

based on step 1 p-value thresholds in expectation, which 

were calculated using the original predetermined bin 

sizes (initial bin size of 5 and overall alpha = 0.05) with 
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assumed uniform distribution of 1 million independ-

ent tests. For step 2 GxE testing, the influx of correlated 

markers into each bin was accounted for by correcting 

for the effective number of tests, which was estimated 

using principal component analysis (PCA) performed on 

bin-specific genotype correlation matrices [51, 52, 59]. 

�is modification reduces multiple testing burden and 

improves statistical power, while preserving the overall 

type I error rate at 5%. For any SNP achieving significance 

at the overall type I error rate, we computed its corre-

sponding SNP-specific p-value accounting for both steps 

1 and 2 of the EDGE procedure, to allow direct compari-

son to the standard GWAS threshold of 5 ×  10−8 [59].

To follow up statistically significant interactions, we 

estimated stratified ORs by modeling physical activity 

in relation to CRC within genotypic groups and the per-

allele increase in genotype in relation to CRC stratified by 

physical activity. We also assessed the extent of genomic 

inflation by creating quantile–quantile (Q-Q) plots and 

calculating the genomic inflation factor (lambda). Addi-

tionally, we calculated  lambda1000, which scales the 

genomic inflation factor to an equivalent study of 1000 

cases and 1000 controls, since as lambda scales according 

to the sample size [60, 61].

To explore variation in GxE effect strengths of associa-

tion, we also conducted stratified analyses for novel find-

ings by study design, sex, and tumor site. We conducted 

a sensitivity analysis including the interaction terms 

GxBMI and E(= physical activity)xBMI in the model, 

because BMI is a potential confounder in the physical 

activity-CRC association [62].

Functional follow-up

Regional plots for all statistically significant findings were 

generated using the command-line version (standalone) 

of LocusZoom v1.3 [63] to examine, in depth, the mag-

nitudes of association, the extent of association signal 

due to LD, and chromosomal position of findings rela-

tive to genes in the given region. Measures of LD were 

estimated using study population controls. �e putative 

functional role of these SNPs and those in LD (R2 > 0.5) 

at 500  kb flanking regions were examined relative to 

their potential contribution to regulate gene expression 

by their (i) direct association with expression of nearby 

genes (expression quantitative trait loci (eQTLs)) and (ii) 

physical location in regions of chromatin accessibility or 

histone modifications (variant enhancer loci).

Possible eQTL relationships were explored using (i) the 

Genotype-Tissue Expression (GTEx v8) and (ii) the Uni-

versity of Barcelona and University of Virginia genotyp-

ing and RNA sequencing project (BarcUVa-Seq) dataset, 

which includes normal colon tissue samples from 445 

healthy individuals [64]. In addition, the BarcUVa-Seq 

project has data on physical activity in 352 (79%) par-

ticipants, which we also used to test both specific eQTLs 

for physical activity status (active vs. inactive; study- and 

sex-specific quartile variable) and interactions between 

SNPs and physical activity on gene expression. �e Bar-

cUVA-Seq models were adjusted for age (years), sex, 

sequencing batch (one to four), and tissue location (left, 

right, transverse, missing). �e putative functional role of 

SNPs and those in LD (r2 > 0.2) and MAF > 0.01 at 500 kb 

flanking regions were investigated relative to their poten-

tial contribution to regulate gene expression by their 

physical location in regions of chromatin accessibility or 

histone modifications (variant enhancer loci). We anno-

tated only suggestive eQTLs, i.e., those having a nominal 

p-value < 0.05.

Details of the functional-annotations analyses have 

been previously published [65, 66]. Briefly, we used an 

assay for transposase-accessible chromatin with sequenc-

ing (ATAC-seq), DNaseI Hypersensitivity (DHS)-seq, 

H3K27ac histone ChIP-seq, and H3K4me1 histone ChIP-

seq datasets of primary tissue from healthy colon and 

primary-tumor primary tissue samples containing active 

enhancer elements from Scacheri et  al. [67], as well as 

from three CRC cell lines (SW480, HCT116, COLO205). 

�ese datasets were processed through ENCODE ATAC-

seq/DNASE-seq [68] and histone ChIP-seq pipelines [69] 

to perform alignment and peak calling.

GxE analyses for rare variants

To assess the potential contribution of rare SNPs, we 

also performed gene-set-based aggregate tests only for 

rare SNPs using the Mixed effects Score Test for Inter-

actions (MiSTi) approach [70] as a secondary analysis, 

as the power for rare SNPs testing usually is low. We 

examined the interactions of physical activity and aggre-

gated rare SNP sets at the gene and enhancer level using 

MiSTi (MiSTi R package). We used a Fisher’s combina-

tion approach under MiSTi (fMiSTi) to discover GxE 

interactions [70], after adjusting for age, sex, study, and 

the first three PCs. Because 25,000 gene regions were 

tested and this was a secondary analysis, interactions 

with p < 2 ×  10−6 were considered statistically signifi-

cant, whereas those with p < 1 ×  10−4 were considered 

suggestive.

Results
Study population characteristics

�e total sample size was n = 39,992 (16,383 CRC cases 

and 23,609 controls), with 76% classified as active 

(i.e., ≥ 8.75 MET-h/wk). Detailed descriptive character-

istics of the study population are presented in Table  1. 

Compared to controls, CRC cases were more likely to be 

older, female, ever smokers, have a higher BMI and total 
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energy consumption, and have a lower education level 

(each p < 0.001). Descriptive characteristics of the study 

population for the secondary physical activity variable 

assessed as study- and sex-specific quartiles are provided 

in Additional file 2: Table 2.

Physical activity and CRC risk

We observed that being active (≥ 8.75 MET-h/wk) 

vs. inactive (< 8.75 MET-h/wk) was associated with a 

15% risk reduction in CRC in the overall meta-anal-

ysis (OR = 0.85; 95% CI = 0.81–0.90; Additional file  2: 

Fig. S1A; Additional file  2: Table  3). Sensitivity analyses 

showed even greater risk reduction for case–control 

studies (OR = 0.75; 95% CI = 0.66–0.85) compared to 

cohort-based studies (OR = 0.88; 95% CI = 0.83–0.93). No 

evidence for heterogeneity was observed across all studies 

(Phet = 0.64; I2 = 0%) or among case–control (Phet = 0.36; 

I2 = 9%) or cohort-based studies (Phet = 0.91; I2 = 0%). Fur-

ther, analysis stratified by sex showed a risk reduction 

in both men (OR = 0.83; 95% CI = 0.76–0.90; Phet = 0.56; 

I2 = 0%) and women (OR = 0.87; 95% CI = 0.81–0.94; 

Phet = 0.86; I2 = 0%) when comparing active vs. inactive 

participants. For tumor site, the strongest inverse asso-

ciations were observed for distal colon (OR = 0.77; 95% 

CI = 0.71–0.84; Phet = 0.64; I2 = 0%) and proximal colon 

(OR = 0.84; 95% CI = 0.81–0.90; Phet = 0.46; I2 = 0%), but 

not for rectal cancer (OR = 0.94; 95% CI = 0.85–1.04; 

Phet = 0.27; I2 = 15%) comparing active vs. inactive par-

ticipants. For physical activity measured as study- and 

sex-specific quartiles (treated as a continuous varia-

ble), we observed similar risk reductions for the overall 

meta-analysis as well as for stratified analysis by sex 

(Additional file 2: Fig. S1B; Additional file 2: Table 4). In 

dose–response (per-quartile) analyses, inverse associa-

tions were also observed for rectal cancer (per quartile 

OR = 0.95; 95% CI = 0.92–0.98;  Phet < 0.001; I2 = 54%) as 

well as for distal and proximal colon, with some inter-

study heterogeneity observed for case–control studies 

(Phet < 0.001; I2 = 74%). As we found statistically signifi-

cant associations between physical activity and CRC for 

the overall population without significant evidence for 

heterogeneity, we conducted genome-wide GxE testing 

in the overall study population to maximize power.

Genome-wide physical activity-interaction scans for CRC 

risk

�e Q-Q plot for the traditional gene–physical activ-

ity interactions for CRC risk using 1-d.f. analysis did not 

show p-value inflation for either primary or secondary 

physical activity variables (Additional file 2: Fig. S2).

Table  2 summarizes the statistically significant gene–

physical activity interactions identified. Using the two-

step EDGE method and the dichotomous physical 

activity variable (active vs. inactive), we identified statis-

tically significant interactions for 5 SNPs, all of them in 

LD, on chromosome 15q13.3 located in the intergenic 

region between Gremlin 1 (GREM1) and Secretogranin 

V (SCG5) genes [71]. Among these SNPs with statisti-

cally significant interactions, we report only on the inter-

action of SNP rs4779584 with physical activity in this 

study (two-step p-value = 2.6 ×  10−8; Table 2), as this SNP 

was supported by prior evidence on the association with 

CRC as a main effect (per T allele OR: active = 1.20; 95% 

CI = 1.10–1.20 vs. inactive = 1.00; 95% CI = 0.93–1.10; 

Table 3) [72]. �is result remained robust in a sensitivity 

analysis that further accounted for BMI and interactions 

with BMI, as well as age, sex, study type, total energy 

consumption, and the first three PCs of genetic ancestry. 

Table 1 Descriptive characteristics of all study participants by 

colorectal cancer case–control status with available physical 

activity data

Note: Data might not add to 100% because of rounding

Abbreviations: SD standard deviation, BMI body mass index, GED General 

Educational Development Test

Physical activity categorized as active (≥ 8.75 MET-h/wk) vs. inactive (< 8.75 

MET-h/wk; reference category) dichotomous variable

a Age was assessed at diagnosis or enrollment

b Calculations exclude individuals with missing total energy intake information

c Missing values not shown

P-values < 0.05 are statistically significant

Characteristics Cases
(N = 16,383)

Controls
(N = 23,609)

P-value

Age (median imputed)a

 Mean (SD) 65.0 (± 9.4) 63.4 (± 8.3) < 0.001

Sex

 Female 8677 (53%) 12,005 (51%) < 0.001

 Male 7706 (47%) 11,604 (49%)

Total energy consumption 
(kcal/day; mean imputed)b,c

 Mean (SD) 1967 (± 713) 1910 (± 680) < 0.001

BMI (kg/m2)c

 Mean (SD) 27.2 (± 4.7) 26.9 (± 4.5) < 0.001

Family history of colorectal 
cancerc

 No 10,430 (64%) 12,945 (55%) 0.06

 Yes 2295 (14%) 2685 (11%)

Education level (highest 
completed)c

 Less than high school 3070 (19%) 3488 (15%) < 0.001

 High school/GED 3366 (21%) 3161 (13%)

 Some college 3476 (21%) 5783 (24%)

 College/graduate school 5601 (34%) 8488 (36%)

Ever smokerc

 No 7050 (43%) 11,479 (49%) < 0.001

 Yes 9086 (55%) 11,862 (50%)
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Table 2 Results of genome-wide interaction analyses with physical activity for colorectal cancer risk

Abbreviations: SNP single nucleotide polymorphism, Chr chromosome, BP position base pair position based on NCBI Build 37, 1-d.f. 1-degree of freedom

a Physical activity categorized as active (≥ 8.75 MET-h/wk) vs. inactive (< 8.75 MET-h/wk; reference category)

b P-value corresponds to the interaction between genetic variants (G) and physical activity (E) on risk of colorectal cancer in the combined case–control population based on the indicated statistical method

c Physical activity assessed as study- and sex-specific quartiles

P-values that are statistically significant are indicated in bold text

Notes: Directly genotyped SNPs were coded as 0, 1, or 2 copies of the count allele. Imputed SNPs were coded as expected gene dosage. Multiplicative interaction terms were modelled as the product of PA and each SNP 

of interest

Physical activity variable SNP Chr BP position Locus Closest gene Reference 
allele

Alternate 
allele

Alternate 
allele 
frequency

Type Statistical method P-value  GxEb

Active/inactivea rs4779584 15 32,994,756 15q13.3 GREM1 and SCG5 C T 0.20 Intergenic variant Two-step EDGE 2.6 × 10−8

Quartilesc rs56906466 20 49,693,755 20q4.5 KCNG1 T C 0.06 Intron 1-d.f. test 3.5 × 10−8
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Table 3 Associations between physical activity for colorectal cancer risk stratified by genotypes of SNPs of interest

Abbreviations: SNP single nucleotide polymorphism, PA physical activity, N number, Ca/Co case/control, OR odds ratio, 95% CI 95% confidence interval

Case/control counts were calculated by imputed genotype probabilities

a Physical activity categorized as active (≥ 8.75 MET-h/wk) vs. inactive (< 8.75 MET-h/wk; reference category)

b Physical activity, assessed as study- and sex-specific quartiles

P-values that are statistically significant are indicated in bold text

SNP Physical activity Homozygous non-carriers Heterozygous Homozygous carries of the 
alternate/minor allele

Per alternative allele 
within strata of physical 
activity categories

N (Ca/Co) OR (95% CI) P-value N (Ca/Co) OR (95% CI) P-value N (Ca/Co) OR (95% CI) P-value OR (95% CI) P-value

CC CT TT

rs4779584 Inactivea 2537/3642 1.00 (Ref.) − 1304/1806 1.00 (0.95–1.10) 0.40 137/228 0.87 (0.69–1.10) 0.23 1.00 (0.93–1.10) 0.98

Activea 7701/11,960 0.80 (0.75–0.85) 1.6 ×  10−11 4155/5372 0.95 (0.89–1.00) 0.19 549/601 1.10 (0.99–1.30) 0.08 1.20 (1.10–1.20) 2.0 ×  10−15

Active vs. inactive (by geno-
type)

− 0.80 (0.75–0.85) 1.6 ×  10−11 − 0.92 (0.84–1.00) 0.05 − 1.30 (1.00–1.70) 0.04

TT TC CC

rs56906466 Q1b 4168/5290 1.00 (Ref.) − 443/715 0.77 (0.67–0.87) 8.0 ×  10−5 20/19 1.10 (0.56–2.10) 0.81 0.77 (0.68–0.88) 1.4 ×  10−4

Q2b 4085/5745 0.91 (0.85–0.96) 0.002 481/710 0.87 (0.76–0.99) 0.03 13/25 0.61 (0.3–1.20) 0.16 0.93 (0.82–1.10) 0.28

Q3b 3792/5896 0.81 (0.76–0.86) 6.8 ×  10−12 469/669 0.87 (0.77–1.00) 0.047 21/26 1.00 (0.56–1.90) 0.96 1.10 (0.99–1.30) 0.08

Q4b 3342/5564 0.77 (0.72–0.82) 1.1 ×  10−16 442/637 0.94 (0.82–1.10) 0.35 17/13 1.90 (0.91–4.20) 0.09 1.30 (1.10–1.50) 5.7 ×  10−4

Q2 vs. Q1 (by genotype) − 0.91 (0.85–0.96) 0.002 − 1.10 (0.95–1.30) 0.16 − 0.56 (0.21–1.50) 0.23

Q3 vs. Q1 (by genotype) − 0.81 (0.76–0.86) 6.8 ×  10−12 − 1.10 (0.96–1.40) 0.14 − 0.93 (0.38–2.30) 0.88

Q4 vs. Q1 (by genotype) − 0.77 (0.72–0.82) 1.1 ×  10−16 − 1.20 (1.00–1.50) 0.03 − 1.80 (0.65–4.90) 0.26
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Specifically, these additional adjustments caused less than 

a 2% change in the G × Physical activity interaction esti-

mates. Analysis stratified by rs4779584 genotype showed 

that participants who were physically active vs. inactive 

had 20% lower CRC risk among those who were carriers 

of CC (OR = 0.80; 95% CI = 0.75–0.85; p = 1.6 ×  10−11), 

while this risk reduction was diminished among those 

carrying the CT (OR = 0.92; 95% CI = 0.84–1.00) and 

TT (OR = 1.30; 95% CI = 1.00–1.70;) genotypes (Fig.  1; 

Table  3). We observed similar interaction effects when 

analyses were stratified for study type, sex, or tumor site 

(Additional file 2: Table 5).

�e analysis of physical activity assessed as study- and 

sex-specific quartiles revealed an interaction with one 

SNP (rs56906466) on chromosome 20q4.5 located near 

the Potassium Voltage-Gated Channel Modifier Sub-

family G Member 1 (KCNG1) gene, using the traditional 

1-d.f. test (GxE p-value = 3.5 ×  10−8; Table  2; Additional 

file 2: Fig. S3B). �is result was still consistent in a sensi-

tivity analysis that also considered BMI and interactions 

with BMI along with age, sex, study type, total energy 

consumption, and the first three PCs of genetic ancestry. 

As in the previous sensitivity analysis, these adjustments 

resulted in less than a 2% variation in the G × Physi-

cal activity interaction estimates. Analysis stratified by 

rs56906466 genotype showed statistically significantly 

lower CRC risk with increases in physical activity, espe-

cially when comparing the highest quartile (Q4) to the 

lowest quartile (Q1), among those who were carriers of 

TT (OR = 0.77; 95% CI = 0.72–0.82; p = 1.1 ×  10−16). �e 

corresponding inverse associations were not observed for 

those with TC (Q4 vs. Q1: OR = 1.20; 95% CI = 1.00–1.50; 

p = 0.03) and CC (Q4 vs. Q1: OR = 1.80; 95% CI = 0.65–

4.90; p = 0.26) genotypes (Table  3). Similar interactions 

were observed when analyses were stratified by study 

type, sex, or tumor site (Additional file  2: Table  5). No 

other statistically significant interactions were observed 

(data not shown). Additionally, the GxE analyses for 

rare variants did not identify any statistically significant 

interactions. �ere was also no significant LD-based cor-

relation between rs4779584 and rs56906466 (correlation 

coefficient, r2 = 0.001).

Functional follow-up

Functional annotation analyses around rs4779584 

and rs56906466 showed enhanced activities. �e SNP 

rs4779584 and correlated SNPs showed peaks in both 

normal (i.e., ATAC-seq, H3K4me1) and colon tumor 

samples (i.e., tumor DHS, tumor H3K27ac) as well as 

in cancer cell lines (i.e., H3K27ac, H3K4me1). �e SNP 

rs56906466, although not correlated with other SNPs, 

was identified as a variant enhancer for tumor DHS and 

cell line DHS (Additional file 2: Figs. S4–5).

Two independent sources of eQTL analyses were used 

to expand on the regulatory roles of SNPs rs4779584 and 

rs56906466. �e SNP rs4779584 was observed to be an 

eQTL in the GTEx v8 compendium as it modified the 

expression of GREM1 in liver and pancreas, SCG5 in 

liver, and RP11-758N13.1 in brain, cultured fibroblast, 

liver, and pancreas tissues. We did not observe any sta-

tistically significant eQTL findings for SNP rs56906466.

In relation to the BarcUVa-Seq dataset, which provides 

colon-specific eQTLs, the SNP in the 15q13.3 region did 

not modify the expression of FNM1, GREM1, SCG5, 

or other genes in the region (Additional file  2: Fig. S4). 

Likewise, the models tested in this dataset on the inter-

action with physical activity measured in the subjects 

did not reach statistical significance. �e same approach 

was used to assess whether the SNP rs56906466 and the 

interaction term had eQTL effects on gene expression, 

but no statistically significant results were observed.

Discussion
To our knowledge, this is the largest genome-wide 

study conducted to date to investigate the interactions 

between variants across the genome and self-reported, 

Fig. 1 Association between physical activity and colorectal cancer risk stratified by genotype of SNP rs4779584. Physical activity is categorized 

as active (≥ 8.75 MET-h/wk) vs. inactive (< 8.75 MET-h/wk; reference category)
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harmonized physical activity data. Consistent with pre-

vious studies and the WCRF, we observed a statistically 

significant 15% lower CRC risk among physically active 

individuals, similar in magnitude to that previously 

observed [4, 10, 11, 73, 74]. Our analyses identified two 

novel, statistically significant GxE interactions for physi-

cal activity—SNPs rs4779584 and rs56906466 signifi-

cantly modified the association between physical activity 

and CRC risk.

�e SNP rs4779584, located in the 15q33.3 region, 

lies between the GREM1 and SCG5 genes and has been 

previously found to contribute to CRC susceptibility 

[28, 71, 75–78]. Carrying the T allele in rs4779584 has 

been reported to be associated with an increased CRC 

risk of 1.26 (95% CI = 1.19–1.34) as compared to the 

C allele [79]. In our study, physical activity was signifi-

cantly associated with a lower risk of CRC only among 

those with the C allele. Individuals with the CC genotype 

(reference group in our study, with the lowest baseline 

risk) derived the greatest benefit from physical activity, 

showing a statistically significant reduction in CRC risk 

among those who were physically active. Heterozygous 

CT individuals showed an intermediate level of risk and 

benefit from physical activity, consistent with an additive 

genetic model in which each additional T allele confers a 

progressive increase in CRC risk and attenuates the pro-

tective association of physical activity. Conversely, indi-

viduals with the TT genotype (the highest-risk group) did 

not appear to benefit from physical activity and instead 

showed a non-significant trend toward an increased risk. 

We hypothesize that these genotype-specific effects may 

reflect differential regulation of GREM1 and/or SCG5-

related signaling pathways, which could modulate the 

biological response to physical activity and influence 

colorectal carcinogenesis. GREM1 encodes gremlin 1, 

which is a signaling protein involved in several pathways 

relevant to CRC, including the transforming growth 

factor-β (TGF-β) pathway, which has been implicated 

in tumor invasion and metastasis [80]. GREM1 is also a 

proangiogenic factor, suggesting a possible role in can-

cer development when upregulated [81]. Additionally, 

Gremlin 1 is an insulin antagonist with elevated levels in 

type 2 diabetes [82], and has been linked to bone mor-

phogenetic proteins (BMPs) signaling imbalance, which 

accelerates tumor cell proliferation [83], and is associated 

with inflammatory processes independently of BMPs 

[84, 85]. SCG5 encodes secretogranin V (also named 7B2 

protein or SGNE1), an essential neuroendocrine signal-

ing molecule that plays a role in cellular proliferation [86, 

87]. Although SCG5 is associated with polyposis syn-

dromes which are linked with CRC risk [88], its direct 

role in CRC is not as well characterized as compared to 

GREM1’s role in CRC [89]. Further, some studies have 

also reported a role of SCG5 in BMI modulation [90, 

91]. �e identified interactions suggest that the CRC risk 

reduction due to physical activity may be related to one 

or several more of these above-mentioned pathways.

�ere are only a small number of GWAS studies that 

have identified genetic loci associated with physical 

activity [92, 93], with one preclinical study suggesting 

that exercise training epigenetically reprograms GREM1 

expression [94]. However, to our knowledge, no prior 

studies have reported an interaction between rs4779584 

and physical activity on CRC risk. Moreover, a recent 

genome-wide interaction study by Cho et  al. using UK 

Biobank data with a modest sample size did not iden-

tify any statistically significant SNP–physical activity 

interactions, with all associations having FDR-adjusted 

p-values > 0.05 [26]. Although gene-level analysis yielded 

signals for GREM1 and SCG5 (comprising 1 and 26 SNPs, 

respectively), both genes had adjusted p-values > 0.98 for 

the gene–physical activity interaction, and no additional 

details were provided. �e epidemiologic evidence indi-

cating the beneficial effect of physical activity on CRC 

risk is extensive, and several biological mechanisms have 

been identified or proposed, including in some interven-

tion studies, such as physical activity’s effect on immune 

system, systemic inflammatory markers, energy regula-

tion, hormones levels, insulin resistance, and gut micro-

bial composition [5, 7, 95, 96]. Related to our findings, a 

randomized trial conducted in obese patients who fol-

lowed different resistance training protocols observed 

significant reductions in plasma gremlin 1 and C-reac-

tive protein levels compared to a control group [97]. 

Additionally, myokines (i.e., cytokines), such as myosta-

tin (member of the TGF-β family) or interleukin-6, are 

secreted by the skeletal muscle in response to intensity 

training [98, 99]. �e effect of regular exercise on SCG5, 

the other gene close to the SNP rs4779584 that showed 

interactions with physical activity on CRC risk, has been 

investigated in experimental studies using animal models. 

However, the results were inconclusive, with one study 

reported non-significantly decreased SCG5 expression, 

while the other study reported significantly increased 

expression levels [100, 101]. Future studies are warranted 

to describe the plausible biological mechanism by which 

SNP rs4779584 interacts with physical activity and modi-

fies CRC risk, but on the basis of our findings, genetic 

markers in this region showed enhanced activity in both 

normal and tumor samples suggesting a potential regula-

tory role on transcription of adjacent genes. Consistent 

with this, we observed that SNP rs4779584 modified the 

expression of GREM1 and SCG5 in pancreas and liver, 

but not in colon tissue. �ese results were based solely on 

GTEx data, as no significant associations were observed 

in the BarcUVa-Seq dataset, which is specific to colon 
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tissue. Due to its small sample size, statistical power in 

BarcUVa-Seq was likely insufficient to detect modest 

gene expression effects or eQTL × physical activity inter-

actions; therefore, these findings should be considered 

exploratory.

We also discovered a new locus rs56906466 located 

near KCNG1 that has not been previously associated 

with CRC, physical activity, or its interaction with phys-

ical activity on CRC risk. Notably, Cho et  al., using the 

UK Biobank data, also reported three SNPs within the 

broader KCNG1 region; however, the specific variants 

were not disclosed, and the corresponding adjusted 

p-value for the gene–physical activity interaction was 

0.99, indicating no evidence of a statistically significant 

association [26]. �is gene encodes a member of the 

large gene family that instructs the building of potassium 

channels and is abundantly expressed in skeletal mus-

cle. KCNG1 has been related to insulin secretion, mus-

cle contraction, and neurotransmitter release regulation, 

among others [102]; however, its functions are not fully 

understood. Our findings showed that rs56906466 had 

statistically significant interactions with physical activity 

in modifying CRC risk. Furthermore, functional-anno-

tations analyses demonstrated that some of the genetic 

variants interacting with physical activity were located 

in enhancers and were linked to differential gene expres-

sion. However, additional targeted studies will be neces-

sary to further investigate the joint effects of these genes 

with physical activity on CRC risk.

�ere is increasing evidence that gene–physical activ-

ity interactions (including being physically active or inac-

tive) have an effect on several health-related outcomes 

such as blood pressure, hypertension, BMI, and insulin 

metabolism [103]. However, few studies have evaluated 

the gene–physical activity interaction on CRC risk, and 

all previous studies followed a candidate-gene approach 

and included only a limited number of SNPs [22–25]. 

Two studies evaluated the mediating effects of physical 

activity on CRC risk via alterations in polymorphisms 

in the insulin-like growth factor-1 (IGF-1) gene, since 

physical activity is known to modulate IGF-1 serum lev-

els, and observed statistically significant interactions [22, 

104]. Khoury-Shakour et al. focused their analysis on the 

polymorphism rs2665802 at intron 4 of the growth hor-

mone 1 (GH1) gene and observed that the minor allele 

A was associated with lower risk of CRC among inactive 

participants [22]. Another study assessed the interaction 

between physical activity and CRC risk based on a poly-

morphism (rs647161) in the paired-like homeodomain 

1 (PITX1) gene in a Korean population, and reported a 

higher risk of CRC among participants who exercised 

less and carried the minor allele [23]. PITX1 is consid-

ered a tumor suppressor gene [105], and is known to 

influence the expression of GH1, and is related to IGF-1 

[106]. Song et al. assessed interactions between physical 

activity and 31 SNPs (including rs4779584) on CRC risk 

among 703 CRC cases and 1406 healthy controls [24]. 

However, they observed statistically significant interac-

tions only with rs4444235––with increased CRC risk 

among C carriers who exercised regularly––but not for 

rs4779584, which may be due to the small sample size. 

However, none of the above findings could be replicated 

in the present study (data not shown). Additionally, we 

observed no LD-based correlation between rs4779584 

and rs4444235 (r2 = 0.004). Given the smaller sample size 

and candidate gene approach in the study by Song et al., 

it is possible that these are chance findings.

A main strength of our study was a large, well-char-

acterized study population, the largest to date to have 

examined gene–physical activity interactions. �e use of 

several complementary statistical approaches was also a 

strength of this study as it allowed detection of specific 

loci within GREM1 and SCG5 and near KCNG1 genes. 

However, our findings may not be generalizable outside 

of European-descent populations, as the participants in 

this study were limited to those with European ancestry 

and were, on average, more physically active than the US 

general population. Although models were adjusted for 

the first three genetic principal components to account 

for subtle population structure, some residual con-

founding cannot be excluded. �e consortium is actively 

striving to overcome this limitation by expanding our 

research to include other racial and ethnic groups, as 

well as by harmonizing epidemiological data, which will 

enable us to expand our future GxE analyses. Addition-

ally, this study included self-report measures of physical 

activity, which are prone to recall and response biases, 

but these are likely to attenuate “true” associations with 

disease risk [107]. Although physical activity was har-

monized across studies as MET-h/wk using established 

methods, differences in questionnaire design, recall peri-

ods, and assessment timing, as well as limited detail on 

activity types, may have introduced potential exposure 

misclassification. In addition, the time interval between 

physical activity assessment and CRC diagnosis var-

ied across studies, which may have affected exposure 

accuracy. In some cases, such as in case–control stud-

ies, physical activity levels may have been influenced by 

undiagnosed symptoms or preclinical disease, potentially 

introducing reverse causation bias; however, it is impor-

tant to note that over 70% of the studies included were 

cohort studies. �ese limitations could have reduced our 

ability to detect more subtle GxE  interactions involv-

ing physical activity. Moreover, as the study is based on 

observational and genetic data, its design does not allow 

for causal inferences. Our findings have also not yet been 
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replicated in an independent dataset, which may increase 

the likelihood of false-positive associations and should 

be considered when interpreting the results. Lastly, our 

sample size did not allow us to identify genes whose rare 

variants may interact with physical activity in aggregate 

tests, and further functional studies are needed to verify 

the role of the identified SNPs in modulating CRC risk 

through physical activity.

Conclusions
In conclusion, we identified two novel genetic loci that 

interact with physical activity and modify the association 

between physical activity and CRC risk. Potential mecha-

nisms behind the interaction of rs4779584 and physical 

activity in CRC risk may be linked in part to BMP-related, 

inflammation, and/or insulin signaling  pathways in 

response to physical activity. However, SNP rs56906466, 

which is near a potassium channel gene, has not been 

previously described in relation to physical activity or 

CRC, and additional investigations are required to eluci-

date the potential mechanisms through which it may be 

involved in colorectal carcinogenesis, especially in indi-

viduals who are not physically active.
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